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ABSTRACT: The development of photoactivated antimicro-
bial surfaces that kill pathogens through the production of
singlet oxygen has proved very eﬀective in recent years, with
applications in medical devices and hospital touch surfaces, to
improve patient safety and well being. However, many of these
surfaces require a swell-encapsulation-shrink strategy to
incorporate the photoactive agents in a polymer matrix, and
this is resource intensive, given that only the surface fraction of
the agent is active against bacteria. Furthermore, there is a risk
that the agent will leach from the polymer and thus raises
issues of biocompatibility and patient safety. Here, we describe
a more eﬃcient method of fabricating a silicone material with a covalently attached monolayer of photoactivating agent that uses
heavy-atom triplet sensitization for improved singlet oxygen generation and corresponding antimicrobial activity. We use boron-
dipyrromethane with a reactive end group and incorporated Br atoms, covalently attached to poly(dimethylsiloxane). We
demonstrate the eﬃcacy of this material in producing singlet oxygen and killing Staphylococcus aureus and suggest how it might
be easily modiﬁable for future antimicrobial surface development.
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■ INTRODUCTION
Healthcare-associated infections (HAIs) are a signiﬁcant
ﬁnancial burden on healthcare institutions, and can result in
extended patient hospitalization durations, patient discomfort,
and mortality.1 These infections are associated with medical
interventions (e.g., catheterization) or can be due to contact
with contaminated surfaces in hospitals.2
One approach to reduce the incidence of infection is the use
of self-sterilizing surfaces to help decrease the risk of infection
upon use of medical devices such as catheters and also to
disrupt the cycle of transmission of bacteria on touch surfaces
in hospitals.3 Potential methods tested include using inherently
antimicrobial materials such as copper, or surfaces bearing
pendant quaternary ammonium ions, as well as altering the
hydrophobicity/philicity of the surface.4,5 One eﬀective strategy
demonstrated recently is the use of photodynamic therapy to
reduce bacterial loads on heavily contaminated surfaces.6
To create photodynamic surfaces, suitable dyes can be readily
incorporated into medical grade polymers, using a simple swell-
encapsulation-shrink strategy, with the aim of generating
reactive oxygen species (ROS) such as singlet oxygen, when
illuminated with white light.7 These ROS initiate a nonsite
speciﬁc attack against bacteria, killing them without inducing
resistance.8,9 However, limitations to the swell-encapsulation-
shrink strategy include high polymer coloration, in addition to a
nonoptimal generation of key ROS at the polymer surface
(within the vicinity of bacteria), as described below.10
The existing work on this type of antibacterial surface has
focused on the use of swell-encapsulation-shrink methodology
with phenothiazine dyes, such as toluidine blue or methylene
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blue.7,11 However, these materials do not inherently generate a
large amount of ROS on irradiation and so require the presence
of gold nanoparticles to enhance triplet generation via
intersystem crossing (ISC), leading to type II photosenitization
and reactive triplet species that react with atmospheric oxygen
to generate bactericidal singlet oxygen (1O2).
12 This relies upon
using expensive materials such as gold to ensure eﬃcacious
bacterial kills.13 Furthermore, swell-encapsulated materials
could be susceptible to leaching of the photosensitizer or
nanomaterials by washing, or by repeated contact, presenting
an environmental hazard. Other cheaper nanomaterials have
been explored with success, such as ZnO and Cu particles,6,14,15
but issues associated with the two-component system remain,
along with the potential cytotoxicity of such nanomaterials.
Finally, there is the issue of material wastage by trapping it in
the bulk of the polymer, away from the surface, where it cannot
impact the microorganisms due to the short path length of any
ROS generated within the polymeric matrix.16,17
The covalent attachment of the most eﬀective triarylmethane
dyes (crystal violet) to the nanoparticle or polymeric material
may surmount many of the aforementioned problems;
however, synthetically, it is nontrivial and in cases where
colocation with nanomaterials is desirable, it becomes diﬃcult
to ensure the nanoparticles are located at or near the
surface.18,19 Here, we have searched for known eﬃcient triplet
producing dyes that have a modular (easily modiﬁable)
structure to allow for ease of covalent attachment and good
ROS generation without nanomaterial incorporation. Some
previous work has focused on porphyrins;18 however, despite
having the modularity, synthesis can be challenging and
precious metal salts are required for the porphyrin core to
induce good ROS activity.19
One promising although less explored candidate is boron-
dipyrromethane (BODIPY). BODIPY has been shown to be an
eﬀective generator of ROS and therefore useful for this class of
light-activated antimicrobial surfaces.20,21 It is also noncytotoxic
to mammalian cells in its own right (although can be modiﬁed
to be inherently bactericidal without the application of light via
addition of quaternary ammonium cations)22 and has easily
tailorable chemistry for the inclusion of synthetic handles to
covalently couple it to other materials.23
The linking of dyes to substrates is an eﬀective and widely
applicable technique that has been shown to work on cellulose
paper,23 and the synthetic strategy can be modiﬁed to extend
this surface attachment technology to other polymers
commonly used in healthcare environments such as polyur-
ethane.18,24 This will be aided by the modularity of the
BODIPY ROS generator, giving several potential chemical
attachment routes.
Herein, we have synthesized a triplet generating BODIPY
species that produces singlet oxygen species for antimicrobial
eﬀect. We subsequently covalently coupled it to the surface of a
sample polymer, poly(dimethylsiloxane) (PDMS), widely used
in medical devices, for the ﬁrst time. Covalent coupling is
demonstrated through Raman, IR, and ﬂuorescence micros-
copy, and the material is shown to produce good singlet oxygen
yields at the surface. This surface attachment and subsequent
reclamation/recycling of unattached BODIPY reduces the
wastage of material in the polymer bulk. Finally, we
demonstrate eﬀective light-activated antibacterial activity
against Staphylococcus aureus and Escherichia coli, pathogens
commonly associated with HAIs.
■ RESULTS AND DISCUSSION
Synthesis, Characterization, and Singlet Oxygen
Testing. Thin (ca. 1 mm) PDMS substrates were prepared
as described in the Methods section and then thiolated with (3-
mercaptopropyl)trimethoxysilane (MTS) using the method of
Brook et al.,25 with KOH as the base. These substrates were
washed thoroughly, and thiolation was conﬁrmed by presence
of a characteristic S−H stretch at 2583 cm−1 in the Raman
spectrum (Figure S1). Maleic anhydride (MA) was then
attached with thiolene click chemistry (initiated with
azobisisobutyronitrile (AIBN)) to give a polymer surface to
which nucleophiles could be attached (Figure 1). The complete
attachment of MA could be inferred from loss of the S−H
stretch in the Raman spectrum and the presence of new
carbonyl stretches in the IR spectrum (Figures S1 and S2).
A BODIPY with open (−H) 2,6 positions was synthesized
with a meso-phenolic group, which could act as an attachment
point to the anhydride. This material was then halogenated
with bromine at the 2,6 positions to improve intersystem
Figure 1. Scheme of BODIPY synthesis and PDMS modiﬁcation. (a) Triﬂuoroacetic acid, tetrahydrofuran (THF), 18 h; then, 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), 4 h; then, triethylamine, BF3·OEt2, 18 h, 44%; (b) Br2 dropwise, CH2Cl2, 3 h, 69%; (c) KOH, MeOH, 8 h, 50
°C; (d) maleic anhydride, THF, AIBN, 48 h, 80 °C; (e) CH2Cl2, 72 h.
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crossing (ISC) for triplet generation (Figure 1). The
bromination of the BODIPY at the 2,6 positions redshifts the
absorption and ﬂuorescence by 25 and 32 nm, respectively,
decreases the photoluminescence (PL) quantum yield from
36.4 to 7.6%, and decreases principal ﬂuorescence lifetime from
3.96 to 1.43 ns due to the improved ISC (Figure 2a, Table 1).
The BODIPY was attached to the MA-PDMS by facile
nucleophilic addition to the MA moieties, and then the polymer
was soaked in CH2Cl2 to remove any swell-encapsulated
material (evidenced visually and by IR, Figure S2 and
microscopy below). This BODIPY solution could be recovered
and used repeatedly to surface-functionalize multiple polymer
samples. Scanning electron microscopy imaging of the PDMS
(Figure S3) showed that there were some surface morphology
changes to the polymer26 but the basic mechanical integrity was
maintained, despite the vigorous washing regimes. This is
attributed to the fact that only the surface of the PDMS is
chemically modiﬁed, so the bulk material retains its properties.
The raw PDMS for the substrate showed no strong
absorption or emission in the visible region; however, on
thiolation and addition of MA, a long-lived ﬂuorescence (∼8
ns) was also observed at ca. 450 nm and is suggested to
originate from the thiolation of PDMS (see Table S1). The
ﬁnal PDMS-BODIPY showed absorption and ﬂuorescence
characteristics similar to that of the unattached dye, but with a
slight blue shift and broadening of the bands, due to the solid-
state nature of the sample and diﬀerent microenvironment
(λem(H) = 525 nm, λem(Br) = 553 nm, compared in Figure S4).
The samples also exhibited increased ﬂuorescence lifetimes for
the principal emission (4.35 and 2.52 ns, respectively), likely
due to a reduction in free rotation of the BODIPY moiety
within the polymer matrix. Additionally, there is an apparent
increase in the number of alternative decay pathways (an
increase in the number of ﬂuorescent lifetimes in the signal)
due to ﬂuorescence relaxation through the polymer matrix as
well as other nonradiative mechanisms.10
Fluorescence imaging and lifetime imaging (Figures 3 and
S5) were used to investigate the dispersion of the BODIPY in
cross sections of the PDMS. These images show that the
washing regime removed all of the dye encapsulated within the
polymer bulk, resulting in a thin layer of surface-bound
BODIPY (ca. 50−100 μm), indicating the covalent attachment
regime was successful. A confocal z-stack was created to image
the ﬂuorescence and the lifetimes of the ﬂuorophores in the
PDMS samples. This approach is a more accurate method than
previously used scalpel or microtome cutting of the PDMS for
cross-sectional imaging, which can lead to scattering due to
surface roughness or “smearing” of the dye segment (Figure
S6). PL properties measured in this modality were similar to
those originating from the previous bulk measurements, and
the dye was shown to have been attached to a depth of ca. 50
μm into the PDMS. This is probably due to surface
rearrangement, where the hydrophobic dye molecules reorient
from the surface of the PDMS slightly into the bulk, enabled by
the relatively ﬂexible MA linker. Figure 3a,b shows three-
dimensional intensity and lifetime maps of a cross-sectional
proﬁle along the 90° corner edge of the rectangular PDMS-Br
sample. The samples showed both the highest surface
concentration at the bottom surface and the outer edges of
the PDMS-H and -Br samples, and a rough calculation based
on estimated absorption coeﬃcients for the dyes indicated a
concentration of 5 × 104 BODIPY units/μm2. No appreciable
ﬂuorescence was observed in the unmodiﬁed PDMS controls.
Importantly, across samples, the lifetime remained the same,
with components τ1 = 0.4 ± 0.2 ns and τ2 = 2.2 ± 0.3 ns for
BODIPY-Br and τ1 = 0.4 ± 0.2 ns and τ2 = 3.4 ± 0.4 ns for
BODIPY-H, respectively (Figures 3e and S5e). In both cases,
the ﬁrst lifetime component was associated with the instrument
response function, whereas the second was slightly lower but
comparable to lifetime values observed in bulk measurements
(Table S1). Although the lifetime values remained very similar
with increasing slice depth, the ﬂuorescent intensity decreased
exponentially, which indicated a substantial decrease of the
Figure 2. Photocharacterization of BODIPY in MeOH solution (normalized (a)) and on PDMS (b).
Table 1. Summary of Singlet Oxygen Lifetime Measurements
for Solution and Polymeric Materialsa
material τ1 τ2 relative
1O2 QY
solution BODIPY-H 33.61 0.005 ≤0.05 (≤0.01)
BODIPY-Br 33.35 0.26 1.00 (0.17)
RB 33.77 0.44 4.77 (0.79)
PDMS PDMS-H 36.73 0.98 0.24
PDMS-Br 45.27 1.36 1.00
aτ is measured in μs. Solution quantum yield (QY) measured relative
to Rose Bengal (RB) standard is given in brackets for solution samples.
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bound dye. We observed 1/e decrease of intensity at z = 83.1 ±
1.3 μm for BODIPY-Br-functionalized samples and z = 48.3 ±
0.6 μm for BODIPY-H-functionalized samples in general
agreement with the Rhodamine-functionalized materials
produced by Brook et al.25
ROS Generation and Antibacterial Testing. Singlet
oxygen (1O2) generation measurements were performed on air-
equilibrated solid phase and solution phase (MeOD) BODIPY
samples using 532 nm laser excitation and phosphorescence
detection of 1O2 at 1270 nm. The time-resolved near-IR
1O2
response can be used to determine information on both the
kinetics and quantity of 1O2 production. The
1O2 signal can be
ﬁtted with two components, lifetimes τ1 and τ2, providing
information on the 1O2 decay via collisional quenching with
other species and the formation of 1O2 from the dye triplet
state, respectively. The intensity of the 1O2 signal can also be
used to calculate the relative 1O2 quantum yields.
10 For the
solution measurements, Rose Bengal (RB) was used as a
standard (with an absolute 1O2 yield of 0.79).
27 Both
measurements are summarized in Table 1.
Table 1 shows that addition of Br to the BODIPY greatly
improves its 1O2 yield (
1O2 QYBODIPY‑Br ≫ 1O2 QYBODIPY‑H)
through a heavy-atom eﬀect.28,29 The reduction in the PL
quantum yield and ﬂuorescence lifetimes leads to improved
ISC, achieving increased triplet yields and concurrent singlet
oxygen generation via a type II mechanism.20 This trend is
maintained on attachment of the BODIPY to the PDMS, but
there is also an increase in 1O2 yield of the PDMS-bound
BODIPY-H sample vs the solution sample. This may be due to
better ISC in the nonsolvated BODIPY, originating from
constrained rotation at the BODIPY-aryl linkage.30 Diﬀerences
between τ1 and τ2 in the solution and solid phase are consistent
with those observed for other dyes absorbed into PDMS
(rather than covalently linked).10
As the desired bactericidal agent is 1O2, these data were good
preliminary indications that the modiﬁed PDMS would act as
eﬀective light-activated bactericidal surfaces. In particular, the
data highlighted that BODIPY-Br would show increased light-
activated bactericidal activity compared to that of BODIPY-H.
Materials characterization show that the BODIPY was
successfully surface-bound to the PDMS, with no detrimental
eﬀects from the covalent coupling on its photoactivity. A
further advantage to this strategy is that a large amount of free
material can be reclaimed from the surface functionalization
process and thus recycled, improving eﬃciency. Finally, the
predominance of the dye at the surface ensures that material is
not wasted through trapping in the bulk.
The light-activated bactericidal potency of the PDMS-H and
-Br samples was tested against the Gram-positive bacterium, S.
aureus 8325-4. Samples were inoculated with the bacteria and
then either irradiated with bright hospital white lighting (4000
lx12) or maintained under dark conditions for up to 5 h. The
number of colony-forming units (CFU) was then determined.
In line with the 1O2 generation measurements, the two
BODIPY-modiﬁed PDMS samples showed markedly diﬀerent
light-activated bactericidal activities; the BODIPY-H modiﬁed
sample showed limited light-activated antibacterial activity
compared with the PDMS control. The PDMS-Br sample,
however, showed potent light-activated bactericidal activity,
achieving a reduction in bacterial numbers to below the
detection limit within 3 h (Figures 4 and S7, kill is signiﬁcant at
the p < 0.001 level by Student’s t-test). That very little kill was
observed with the PDMS-H, despite measurable production of
1O2, may be justiﬁed in part by its weaker and slightly narrower
absorption proﬁle, reducing its eﬀective absorption relative to
Figure 3. Fluorescence microscopy on PDMS-Br cross sections constructed from sequential z-scanning. (a) Lifetime and (b) intensity 3D maps (X−
Y−Z 700 μm × 700 μm × 200 μm). Confocal slices were taken with 2 μm step and averaged over 20 frames for each slice. (c) Normalized intensity
over full slice depth (0−200 μm), (d) 2D intensity and lifetime maps showing polymer XY cross section at 0−150 μm slice depth (e) Lifetime scatter
plots for second lifetime component at diﬀerent slice depths. An equivalent plot for PDMS-H is given in Figure S4.
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PDMS-Br. It should also be noted that other ROS (hydroxyl
radicals, etc.) may be being formed but the presence of 1O2 is
unequivocally demonstrated by the previous phosphorescence
decay measurements.
Further testing was carried out against Gram-negative
Escherichia coli to investigate this more challenging target.
Although S. aureus is a highly prevalent surface pathogen in
hospital environments,31,32 it is more susceptible to the ROS
generated by these materials than Gram-negative counterparts.
It was found that E. coli could be reduced to below detectable
levels within 20 h with PDMS-Br, suggesting that enough ROS
are produced to damage Gram-negative species (Figure S8). At
this time scale, an overall reduction in colony units was seen on
the illuminated samples and further optimization would be
required to claim high eﬃcacy against E. coli.
■ CONCLUSIONS
We have demonstrated a covalently attached, photosensitized
antimicrobial material, with potential applications in healthcare
devices for preventing and treating hospital-acquired infections.
Heavy-atom incorporation on the BODIPY sensitizer allowed
for improved singlet oxygen generation, and antibacterial tests
showed a highly signiﬁcant reduction in the numbers of S.
aureus from the Br-incorporated BODIPY, attached to PDMS,
whereas in the absence of the Br, little kill was observed, even
after 5 h.
It should be noted that it may be possible to synthesize an
even more potent 1O2-generating PDMS using an iodo-
BODIPY analogue.33−35 However, this was not pursued in
this work as preliminary attempts resulted in low synthetic
yields of the iodo-BODIPY and highlighted synthetic
complications on subsequent covalent attachment steps.
Although the BODIPY-Br sample synthesized achieved eﬃcient
bacterial kills, reducing viable counts to below the detection
limit, the use of iodo-analogues might result in more rapid
antimicrobial activity or prove eﬀective under lower intensity
lighting, widening applications to wards with low lighting
conditions. Further to this, multiple BODIPYs might be
attached to the polymer surface, thanks to the linking regime
used. Therefore, utilization of quaternary bearing BODIPYs
might assist in improving dark-kill. Finally, it may be beneﬁcial
to seek out a more hydrophilic dye or linker group to prevent
surface rearrangement and encourage more dye to remain at
the polymer/air interface. Future work will focus in this
direction.
This paradigm of covalent attachment is facile and reduces
waste of the sensitizer material in the bulk of the polymer
matrix. The materials used are metal free, and therefore avoid
issues of expense and associated health concerns from leaching.
This technique also improves surface availability of the
sensitizer, improving functional properties and paving the way
toward a new generation of antimicrobial touch surfaces and
devices.
■ METHODS
Reagents were used as supplied from Sigma-Aldrich or Alfa Aesar,
without further puriﬁcation. All water used was deionized (>15 MΩ
cm) and reactions performed at room temperature (RT) (∼20 °C)
unless otherwise noted. All additional instrumental techniques and
processes are detailed in the Supporting Information.
Materials Synthesis. BODIPY-H was prepared from a literature
procedure.36 In a 250 mL ﬂask, 4-hydroxybenzaldehyde (0.36 g, 3
mmol) and 2,4-dimethylpyrrole (0.63 g, 6.6 mmol) were dissolved in
THF (90 mL), with a few drops of triﬂouroacetic acid. This mixture
was stirred at room temperature (RT) for 18 h before 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ) (0.69 g, 3 mmol) in THF (120 mL)
was added. The reaction was then stirred for another 4 h before
cooling in an ice bath. Triethylamine (18 mL, 0.12 mol) was added
dropwise, followed by BF3·OEt2 (18 mL, 0.15 mol), and green
ﬂuorescence was observed. The reaction was allowed to return to RT
while stirring for 18 h, then the crude product was ﬁltered through a
celite pad. The pad was washed with dichloromethane (DCM) (50
mL) and the ﬁltrate dried on a rotary evaporator. The crude solid was
redissolved in DCM (100 mL) and washed with a saturated sodium
bicarbonate solution (50 mL), then twice with water (2 × 50 mL).
The organic portion was dried over magnesium sulfate and puriﬁed
with column chromatography (DCM) to give a red product (426.9
mg, 1.32 mmol, 44%). 1H NMR (500 MHz, CDCl3): δ 7.14 (2H, d, J
= 8.5 Hz), 6.95 (2H, d, J = 8.5 Hz), 5.97 (2H, s), 4.91 (1H, s, OH),
2.55 (6H, s), 1.44 (6H, s). HRMS m/z [EI+]: Theoretical 340.1673,
measured 340.1675. Elemental analysis C19H19N2OF2: Calcd: C,
67.08; H, 5.63; N, 8.24. Found: C, 66.70; H, 5.57; N, 8.46.
BODIPY-Br was prepared, using a modiﬁed literature procedure.37
BODIPY-H (62 mg, 0.19 mmol) was dissolved in 60 mL of DCM.
Bromine (28 μL 0.54 mmol) in DCM (7 mL) was added dropwise
over the course of an hour, and the mixture was left to stir for 2 h at
RT. The resulting solution was washed with sodium thiosulfate (30
mL), which was subsequently extracted with 30 mL of DCM. The
organics were combined and dried over magnesium sulfate. The crude
solution was concentrated and puriﬁed with column chromatography
using DCM as the solvent to yield an orange/red solid (64 mg, 0.13
mmol, 69%). 1H NMR (500 MHz, CDCl3): δ 7.11 (2H, d, J = 8.4 Hz),
6.99 ppm (2H, d, J = 8.4 Hz), 4.96 (1H, s, OH), 2.61 (6H, s), 1.44
(6H, s). HRMS m/z [EI−]: Theoretical 493.9854, measured
493.9856. Elemental analysis C19H17N2OF2Br2: Calcd: C, 45.83; H,
3.44; N, 5.63. Found: C, 45.53; H, 3.49; N, 5.64.
PDMS was prepared from a Dow Corning Sylgard 184 elastomer
kit, as directed by the manufacturer. The elastomer (5 g in total) was
premixed and then poured into 9 cm diameter Petri dishes before
curing at RT for 72 h. The cured polymer was then trimmed to ensure
even thickness and cut into 0.5 cm wide strips for further treatment.
PDMS-S was prepared as described by Brook et al.25 using 28 mL of
methanolic solution containing w/w 1% KOH and 20% (3-
mercaptopropyl)trimethoxysilane (MTS). The PDMS was soaked in
this solution for 8 h at 50 °C. The polymer strips were rinsed with
MeOH and sonicated in clean MeOH to remove surface-attached
Figure 4. Antibacterial testing of PDMS-H and PDMS-Br in dark and
light conditions against S. aureus. Illumination was 4000 lx of white
hospital light for 5 h. A ‡ indicates at least 99.9% reduction in bacterial
numbers to below the limit of detection of 100 CFU/mL and ***
indicates signiﬁcant diﬀerence at the p < 0.001 level.
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KOH, followed by washing in DCM. The as-prepared polymer was
stored under MeOH before use.
PDMS-MA was prepared by soaking the PDMS-S strips in 20 mL of
THF solution, containing 4 g of maleic anhydride and a catalytic
amount of AIBN, for 36 h at 66 °C. The polymer was then washed for
48 h in THF, with the solvent being refreshed every 12 h. PDMS-X
where X = H/Br was prepared by soaking the polymer strips in a 3
mg/mL DCM solution of the respective BODIPY-X for 72 h. The
polymer was then washed in DCM to remove noncovalently attached
material for >96 h, with the solvent being refreshed every 24 h, until
no color was observed. The original DCM BODIPY solutions were
retained and dried down for reuse (retrieval eﬃciency = 97%).
Antibacterial Testing. Antibacterial testing was performed using
S. aureus 8325-4 or E. coli ATCC 25922 as the test bacterium, cultured
as described in the Supporting Information, on the following set of
samples (0.5 cm × 0.5 cm): PDMS, PDMS-H, or PDMS-Br. A washed
suspension of culture was diluted 10 000-fold to obtain 105 CFU/mL.
Ten microliters of bacterial suspension was placed onto each of the
samples as a droplet, and the inoculated samples were then placed in
Petri dishes containing wet ﬁlter paper to maintain humidity (not
covered with coverslips). One set of replicates was exposed to white
light, whereas another set was kept in the dark. After light exposure for
a determined period of time, the samples were placed into 400 μL of
phosphate-buﬀered saline (PBS) and mixed using a vortex mixer for 1
min to ensure that the bacteria were resuspended in PBS. The bacterial
suspension was plated onto mannitol salt agar and incubated at 37 °C
for 24 h. The colonies that grew on the plates were counted.
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